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ABSTRACT 

The  growth,  spectroscopy  and  lasing  of  titanium-doped  sapphire 
are  discussed.  Particular  attention  is  given  to  the  problems  of 
achieving  high  quality  laser  material  and  to  the  identification 
and  elimination  of  defects  that  currently  limit  T1:A1.0  laser 
performance. 
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> The  announconont  of  officiant,  broadly  tuneblo  laaor  action  in 
titaniua-doped  sapphire*  has  inspired  considerable  work.  Experiments 
st  NRL^ ,  and  elsewhere^  have  denonstrated  successful  lasing  using  both 
flashlasip  and  laser  pumping.  Crystal  quality,  however,  is  in  great 
need  of  iaproveaent,  since  loss  within  the  material  is  as  auch  as  an 
order  of  magnitude  greater  than  would  be  expected  for  high-quality 
sapphire.  In  this  paper  we  discuss  some  of  the  problems  associated 
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with  the  growth  of  this  material  and  point  out  their  effect  on  laser 
performance.  We  also  show  some  areas  where  the  spectroscopy  of  this 
material  is  not  well  understood,  and  propose  some  explanations  for 

these  spectroscopic  features.  •  .  ^  . -  .  y  --  ' 

I .  Growth 

Growth  of  titanium-doped  sapphire  (Ti:Al203)  has  been  achieved 
using  the  heat-exchanger  aethod,  the  flame-fusion  aethod  and  the 
Czochralskl  'aethod.  The  samples  used  in  this  work  were  grown  by  the 
latter  technique,  using  an  inductively  heated  iridium  crucible  in  zirconla 
Insulation.  The  ataosphere  over  the  crucible  was  pure  #2*  Growth  was 
Initiated  by  touching  an  oriented  sapphire  seed  onto  the  top  of  the  aelt. 


The  pall  rata  was  typically  0.5  em/fcr,  with  dloaatar  control  achieved  by 
constantly  measuring  tho  weight  of  the  crowing  crystal. 

Tho  cniclblo  charge  used  In  growing  Ti:Al203  typically  consists 
of  TIO2  and  AI2O3,  with  tho  latter  slthar  in  prossod  pollots  or  In 
crsckla  form  (purs  sspphlrs  grown  by  tha  flame-fusion  os t hod) .  Above 
spproxinstoly  1?50°C,  TIO2  undorgoos  s  dlssssoclstlon  to  H2O3 
(Tl^*)  vis  tho  rssctlon 


2T102  •*  Ti203  ♦  1/2  02 

Tho  liquid  TI2O3  than  resets  and  alxas  with  tho  nolton  AI2O3  upon 
reaching  2050°C.  The  nlscibllity  of  TI2O3  in  molten  AI2O3  Is  small, 
not  exceeding  It  by  weight,  posing  part  of  tho  difficulty  in  achieving  quality 
crystals  of  high  concentration.  The  distribution  of  Ti3+  between  the 
crystal  and  the  melt  may  be  modeled  by 
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where  "C2"  is  the  dopant  concentration  in  the  solid,  "CQn  is  the  initial 
dopant  concentration  in  the  melt,  "V,"  is  the  weight  of  the  crystal,  "Wj” , 
is  the  weight  of  the  charge,  and  "K"  is  the  distribution  coefficient  between 
the  solid  and  the  liquid.  The  value  of  "K"  varies  depending  on  growth 
conditions, ’ and  in  particular  on  the  crystallisation  rate.  The  smallness 
of  "K"  is  due  in  large  part  to  the  substantial  mismatch  between  the  ionic 
radius  of  Ti^*  and  Al^+.  By  pulling  at  a  very  small  rate  (-0.025  cm/hr), 
crystals  may  be  obtained  with  concentrations  approaching  approximately  0.24 


2 


weight  percent  of  titanium;  however,  at  MMMtntllM  «bm  above  0.1%, 
absorption  loss  at  lasor  wavoleogths  becomss  unacceptable,  so  thae  our 
aost  sueesssful  lasor  work  has  boon  obtained  using  rods  at  a  nominal  0.1X 
eonesntrstlon. 

Tho  substitution  of  Tl^*  into  AI2O3  prosonts  soma  interesting  con- 
crssts  to  tho  substitution  of  Cr^*  in  ruby.  If  wo  comparo  tho  ionic 
radius  in  sixfold  coordination*  of  Al^*  to  that  of  wo  find  s  26X 

incrsass  from  adding  tho  d*  slsctron  to  tho  elosod  (p*)  shall  (0.S3  A 
for  Al versus  0.67  A  for  Ti^*).  Ionic  radius  docroasos  (for  constant 
coordination  and  valence)  along  the  3d  transition  series*,  so  that  at 
chromium  (d^)  «0.61  A.  The  substitution  of  Ti^*  is  thus  sub¬ 

stantially  more  perturbative  to  the  lattice  than  tho  similar  substitution 
of  Cr3+  in  ruby.  It  is  likely  that  Ti3*  distorts  its  local  environment 
into  closer  resemblance  with  the  lsomorphous  structure  TI2O3  ,  which 
has  a  unit  cell  about  13%  bigger  than  that  of  AI2O3.  This  distortion  can 
be  seen  in  studies  'of  low  concentratons  of  Ii^*  in  A^Oj,  where  an 
Increase  in  lattice  parameter  is  observed®,  and  in  tho  graphic  demonstra¬ 
tion  afforded  by  boules  of  Tl:Al203  which  shatter  during  growth  due  to 
the  Incorporation  of  excess  titanium^.  A  more  subtle  difference  is  that 
of  crystal  field  stabilization  energies®*^.  Tho  crystal  field  stabiliza¬ 
tion  energy  (c.f.s.e)  may  be  thought  of  as  the  reduction  in  ground  state 
energy  of  the  Incorporated  ion  compared  to  that  of  the  free  ion  due  to  the 
crystal  field  splitting  of  the  degenerate  electronic  states  (the  usual 
Tanabe-Sugano  diagram  disguises  this  fact,  since  by  convention  the  ground 
state  energy  is  plotted  with  zero  Because  of  difforences  in  the 


•plittlnf  piriMtit  Oq  And  splitting  patterns  for  different  ijraitrlai, 
choro  will  in  general  bo  •  difference  in  e.f.o.o.  for  the  ino  ion  in  sites 
of  dlffaranc  symmetry,  aaldo  fron  Cho  larger  differences  in  lnttleo  anorgy. 
Uaually  largo  laCtlca  affacta  doninata,  but  it  often  la  nacoaaary  (aa  In  the 
caaa  of  normal  and  lnvartad  spinels*0)  to  laelodo  e.f.a.a.  In  the  ganaral 
caaa,  va  find  tha  ratio  of  e.f.a.a  for  octahedral  Tarawa  tetrahedral  altea 
to  bo  about  3:2  for  Ti3*  (2D  fraa  ion  ground  state),  compared  with  9:2 
for  Cr3+  (*F  fraa  Ion  ground  atata).  For  the  cryatal  field  atrength  of 
sapphire,  the  diffaranco  in  e.f.a.a  for  particular  ions,  tha  "octahedral 
site  preference  energy"**, la  only  about  0.33  aV  per  Ion  for  Ti3*,  but 
2.0  aV  for  Cr3+.  Tha  large  aita  preforanca  energy  for  Cr3+  in  part 
explains  tha  usual  occurrence  of  Cr3+  in  six-fold  coordination  in  complexes, 
glasses,  and  crystals.  Tha  implication  for  Ti3*  la  that  a  non-trivial 
fraction  of  Ti3*  ions  night  be  incorporated  into  defect  or  interstitial 
sites  of  low  symmetry  during  growth.  After-growth  annealing  would  be 
expected  to  relax  Some  of  these  ions  into  octahedral  sites. 

II.  Spectroscopy 

The  absorption  and  fluorescence  spectra  of  Ti:Al203  at*  to  first 
approximation  what  would  be  expected  from  a  d*  ion  in  an  octahedral 
crystal  field*2.  There  are,  however,  complications  to  these  spectra  which 
have  a  direct  bearing  on  the  lasing  characteristics  of  Ti.'A^Oj.  We 
begin  by  discussing  the  features  of  the  absorption  and  fluorescence 
spectra  which  are  easily  explained,  and  then  consider  the  ultraviolet  and 
Infrared  absorptions  which  acconpany  then. 


The  blue-green  absorption  bead  of  IliAljOj  la  due  to  Ch«  rlbronlcally 
broadanad  *♦  2E  transition^.  Tba  doubla  huap  la  dm  to  a  atatlc 
Jahn-Tallar  distortion*2  of  tha  E  atata  which  spllta  tha  excited  atata  by 
naarly  2000  c«"! .  Tha  2T2  atata  la  actually  split  into  Aj  ♦  E  by  tha 
trigonal  coaponant  of  tha  crystal  flald  but  ainea  this  la  laaa  than  tha  Jahn- 
Tallar  splitting^ ^  wa  will  lgnora  it  for  tha  tlaa  balng.  Sinca  tha  cation 
sita  lacks  lnvarsion  sywMtry  (tha  aita  symetry  is  rigorously  C3  rathar 
than  0),  for  tha  cantar  of  a  ragular  octahedron),  tha  crystal  flald  mixes 
odd  parity  atatas  with  tha  avan  parity  d  orbitals,  relaxing  tha  forblddeness 
of  tha  avan  to  avan  parity  transition.  As  a  rasult,  alectrlc  dipola  transi¬ 
tions  ara  allowed,  and  the  absorption  and  fluorescence  bands  of  Tl:Al203 
are  fairly  strong  (o  -  10-20cm2),  and  largely  independent  of  tempera¬ 
ture**.  The  fluorescence  band  peaks  at  about  760  na,  with  a  fluorescent 
lifetlae  of  about  4  psec. 

The  next  obvious  feature  in  the  absorption  spectrua  of  Ti:Al203 
is  the  strong  charge  transfer*^  absorption  which  sets  in  below  300  na. 

Because  the  charge-transfer  absorption  satisfies  both  spin  and  parity 
selection  rules,  it  is  strongly  e lactic  dipole  allowed,  with  an  oscillator 
strength  -0.1. 15  This  strong  absorption  aakes  the  observation  of  structure 
within  the  band  using  crystals  of  aoderate  dopant  concentration  and  reasonable 
thickness  very  difficult.  Tlppins*®  has  studied  the  charge-transfer  bands 
of  tltanlua  (and  other  transition  eetsls)  In  AI2O3,  using  low  concentra¬ 
tions  and  thin  samples.  Tipplns'  spectrum  of  Ti:Al203  assigns  a  huap 
in  the  UV  absorption  between  5.5  and  8  eV  to  the  charge-transfer 


la  food  (trHwnt  with  simple  theory.  A  weakened  heap  appears  between 
approxiaatly  4.5  and  3  eV  la  assigned  to  tha  charge  traaafar 
Pa34  ♦  02“  -»  Pa2*  ♦  0* 

Thla  analysis  doss  aot  prova  anclraly  satisfying,  sinca  tha  aaasurad  contant 
of  iron  in  our  Tl:Al203  saaplas  is  lass  than  ona  part-par-all lion, 
saallar  by  aora  than  an  ordar  of  aagnituda  than  that  required  for  tha  obsarvad 
absorption.  Tha  spactra  of  Parguson  and  Fielding*®,  and  Lahaan  and  Hardon**, 
takan  in  thickar,  highar  dopad  crystals,  show  such  strongar  absorption,  but 
without  sufflelant  rasolution  in  tha  sraa  of  300  na  to  proparly  raaolva  thla 
question.  Racantly  experiswnta2^ • 2*  duplicating  Tlppins'  aaasuraaanta  on 
Ti:Al203  hava  also  raisad  quastiona  ragarding  tha  propar  assignment  of 
tha  absorption  around  300  na.  A  charga  transfar  of  tha  typa 

Ti**  ♦  02“  Ti3*  ♦  0“ 

was  proposed.  An  axparlaant  in  which  crystals  of  accurately  known  dopant  and 
extraneous  impurity  concentrations  are  used  to  study  the  region  around  300  na 
would  go  a  long  w»f  towards  putting  this  issue  to  rest.  Ultra-violet  puaplng 
of  Ti:Al203  saaplas  gives  two  strong  fluorescence  bands,  ona  peaked  around 
425  na,  the  other  around  575  na  (Fig.  l).The  excitation  bands  for  these 
eaissions  are  broad  but  discrete,  peaking  around  250  na,  and  310  na,  respec¬ 
tively,  suggesting  two  types  of  point  defect  (color)  centers22*23.  Con¬ 
sidering  tha  strength  of  tha  color  center  fluorescence,  at  least  part  of 
tha  anomalous  UV  absorption  is  certainly  due  to  color  canter  absorption. 

The  spectroscopic  feature  with  which  wa  era  most  concerned  is  the  broad 
IR  absorption  obsarvad  in  TIjAIjOj.  This  absorption  peaks  at  approxi¬ 
mately  750  na  but  extends  with  considerable  strength  over  tha  entire 
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TliAljOj  fluorescence  band.  The  band  is  seat  pronounced  In  crystals  at 
higher  doping  levels,  and  lta  atrangth  grows  quickly  with  doping.  For 
example,  unannaalad  aaaplaa  of  0.1  and  0.2  valght  parcant  titanium  grown 
undar  ldantical  condition*  ara  found  to  have  paak  abaorptiona  of  2X/cm 
and  13X/cm,  raapactivaly. 

Abaorptlon  by  Iron  impurities^  ia  a  poaaibla  eauaa  for  thla  faatura. 
Sapphira  containing  an  iron  concantration  of  approxiaataly  5x10“*  would 
partially  account  for  tha  placaaant  and  tha  braadth  of  tha  abaorptlon; 
thla  explanation  must,  however,  be  rejected  for  aaveral  raaaona.  The  moat 
obvlou*  la  that  tha  concantration  of  iron  in  our  aaaplaa  la  roughly  3  order* 
of  aagnltuda  too  saull  to  account  for  tha  aaaaurad  abaorptlon  coefficient. 

In  addition,  tha  iron  abaorptlon  would  ahow  a  narked  (factor  of  3)  lncraaaa 
in  abaorptlon  between  light  polarised  parallel  and  perpendicular  to  the  c 
axis,  respectively.  No  large  change  in  abaorptlon  is  seen  in  our  Ti:Al2C>3 
samples.  The  asslgnaent  of  this  band  in  iron  doped  sapphire  to  an  Fe^4-Fe24 
charge  transfer  spe'aka  against  this  strong  absorption  for  such  a  dilute 
iapurity.  Absorption  by  Ti-*4  pairs  auat  also  be  rejected  because  of 
the  low  dopant  concentration,  and  the  success  of  after  growth  treatment  in 
reducing  the  band.  Absorption  by  Ti24  has  also  been  raised  as  a  possibility. 
Aside  from  the  large  size*  of  this  ion  (R  ■  0.86A),  Ti24  is  ao  atrongly 
reducing  that  it  would  not  be  expected  to  form  during  growth,  much  lea*  remain 
divalent.  Since  Ti24  is  isoelectronic  with  V34,  the  spectrum  of  thia  ion 
should  resemble  that  of  the  latter,  shifted  to  lower  energy  by  perhapa  SOt 
because  of  the  reduction  in  Dq  with  the  reduced  ionic  charge  and  the  change  in 
Racah  parameters.  This  would  give  a  double-humped  band^  in  the  right 


location,  but  with  strong  polarisation  dapondanca.  Othar  tranaition  natal 
iapuritiaa  aust  ba  rulad  out  baeauaa  of  thair  low  concantration,  and  tha 
lack  of  acconpanying  apactroacopie  fsaturaa  in  othar  ragiona. 

An  intarpratation  nor a  conalatant  with  aaaaurad  impurity  lavala,  aa 
aa  wall  aa  crystallographic,  apin-roaonance,  and  annaaling  data  la  to 
attrlbuta  tha  broad  IR  absorption  in  Ti:Al203  to  Ti3*  in  low  synaatry 
aitaa,  aost  likaly  eauaad  by  adjacant  point  dafacta.  In  axaaining  this 
intarpratation,  wa  auat  conaidar  tha  foraation  and  aaintananca  of  point 
dafacta  in  AI2O3. 

tha  ubiquity  of  point  defects  in  pure  sapphire  has  long  been  established. 
Dila^*  has  eatlaated  the  cationic  defect  concentration  in  pure  (undoped) 

AI2O3  to  be  10-*  and  10“  ^  Qf  available  lattice  aitaa,  for  Frenkel 
and  Schottky  defects,  respectively.  Overall  charge  neutrality  suggests  a 
concentration  of  anionic  Schottky  defects  (oxygen  vacancies)  of  the  saae 
order.  The  nuaber  of  oxygen  interstitials  is  expected  to  be  relatively 
»**11^.  When  sapphire  la  doped  with  titaniua,  tha  defect  situation  is 
complicated  considerably^*.  Incorporation  of  TIO2  into  the  aelt  has  the 
double  effect  of  increasing  tha  anion  to  cation  ratio  in  tha  aelt,  while 
fostering  the  foraation  of  oxygen  vacancies  to  charge  coapensate  the 
tetravalent  cation^?.  Once  titaniua  is  reduced  to  the  trivalent  state,  a 
whole  new  set  of  factors  arise  which  will  tend  to  increase  the  nuaber 
of  defects.  Tha  Ti3*  Iona  can,  for  exaaple,  occupy  aluainua  sites 
vacated  by  interstitial  Al3*  Iona,  proaotlng  charge  coapanaation  by  anion 
vacancies.  By  coaparing  the  strain  energy  due  to  the  incorporation  of  Ti3* 
into  an  Al3*  site*,  with  tha  energies  required  to  fora  anion  or  cation 


vacancies,  we  expect  a  vacancy  concentration  a  few  percent  tlsai  the  Tt** 
concentration  due  just  to  this  factor. 


Electron  paraaagnetlc  resonance  (EPR)  measurements  conflra  the  presence 
of  plentiful  defects  near  Ti3*  Ions  in  Ti:Al203.  Early  EPR  studies*®*2? 
indicated  that  in  Tl:Al203  the  g-factor  perpendicular  to  the  c-axls  is 
non-rero,  Indicating  that  Ti3+  does  not  enter  the  lattice  exactly  sub- 
stltutlonally  for  A 13+.  The  EPR  lineahape  of  Ti:Al203  Is  broad, 
asymmetric,  and  weakly  varying  with  angle,  suggesting  a  randoe  (both  in 
direction  and  strength)  Inhomogeneous  broadening.  Bates,  et.al.3*3*3*, 
accounted  for  this  lineahape  by  estieating  a  concentration  of  singly  charged 
point  defects  of  20  ppa,  or  a  saaller  number  of  aultlply  charged  defects,  in 
a  crystal  of  Ti  concentration  80  ppa.  Randoa  iaperf actions  of  the  lsttlce, 
(such  as  stacking  faults,  and  dislocations)  and  strain  also  contribute  to 
the  linewldth. 

To  test  the  effect  of  annealing  on  IR  absorption,  a  comparison  was  made 
between  two  pieces 'of  Ti:Al203,  obtained  by  halving  a  slice  taken  across 
the  boule.  Both  pieces  initially  have  identicsl  concentrations  of  dopant, 
scattering  centers,  impurities,  defects,  etc.  The  difference  between  the 
"as  grown"  sample,  and  the  sample  annealed  at  high  temperature  in  an  atmosphere 
which  provides  proper  oxygen  stoichoimetry3*  is  visible  even  to  the  naked 
eye.  The  "as  grown"  sample  is  dulled  by  scattering  centers  (apparently  small 
bubbles),  sn'd  it  has  a  slight  bluish  cast  from  the  red  end  of  the  IR  absorp¬ 
tion  of  the  IR  absorption.  The  annealed  saaple  la  clearer,  and  pinker,  with  no 
visible  blue  tint.  Accordingly,  the  absorption  spectra  show  a  decrease  In 
background  absorption  and  in  the  IR  band,  and  an  increase  in  blue-green 


absorption  (Plf.  2).  In  addition,  on  annaaling,  tha  edge  of  tha  UV  absorption 
shifts  by  few  nanoaatars  to  shortar  wavelength.  Tha  annaalad  saapla  shows  an 
lncraasa  in  tha  deep  red  fluorescence,  a  decrease  in  yellow  color  canter 
fluorascanca,  but  an  lncraasa  In  violet  n  fluorascanca.  Overall, 
color  canter  ealsslon  drops  substantially. 

Relating  specific  changes  in  tha  spectra  to  specific  types  of  defects 
is  difficult  with  tha  available  data.  The  reduction  in  IR  absorption  is 
probably  a.  coabination  of  reduction  in  adjacent  point  defects  (0^~ 
vacancies,  color  canters,  aluainua  interstitials  or  vacancies,  etc.)  and  the 
relaxation  of  Ti3+  from  interatitial  or  defect  sites  into  the  desired 
Al3*  sites.  The  increase  in  blue-green  absorption  stay  be  due  to  an  in¬ 
crease  of  Ti3+  in  high  syvaetry  sites  froa  the  above  effects,  and  to  the 
reduction  of  Ti*+  ("as  grown"  crystals  probably  contain  soae  Ti*+)  to 
Ti3*. 

The  sensitivity  of  the  individual  ion  absorption  cross-sections  to 
their  sites  furthef  coaplicates  the  interpretation  of  annealing  data.  Since 
the  ^T2  *♦  transition  is  electric  dipole  allowed  by  the  odd  parity 
crystal  field  coaponents,  ions  in  grossly  distorted  sites,  where  the  odd 
parity  components  are  a  strong  perturbation,  are  expected  to  have  a  larger 
cross-section  (by  perhaps  an  order  of  magnitude)  than  an  ion  in,  for  example, 
an  aluainua  site  without  nearby  point  defects. 

The  bro'ad  wavelength  range  of  the  IR  absorption  is  likely  due  to  the 
range  of  field  strengths  and  symmetries.  In  normal  Al3*  sites,  the  low 
symmetry  perturbations  due  to  the  Jahn-Teller  and  trigonal  distortions  are 
tenth  of  the  strength  of  the  octahedral  field^3.  In  a  site  where 
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the  trigonal  (laid  la  a  largar  parturbation,  tha  apllttlng  of  tha  2T2  Into 
Aj+E  would  ba  auch  largar,  giving  a  doubla  abaorptlon  at  longar  and  ahortar 
wavalangtha  compared  to  tha  abaorptlon  by  tha  ion  in  an  octahedrai-domlnated 
aita  i.o. ,  tha  normal  Al3+  alto.  An  ion  in  an  lntaratltial  alto,  whara  tha 
doainant  ayaaatry  la  llkaly  to  ba  tetrahedral33,  would  ba  axpactad  to  abaorb 
at  anargiaa  around  ona  half  that  of  tha  octahadrally  coordlnatad  Ti3*.  A 
three-fold  axis  la  praaant  In  both  of  theaa  caaaa,  to  tha  Jahn-Tallar  apllttlng 
would  atlll  ba  praaant.  Tha  ahortar  wavalangth  coaponant  of  tha  trigonal  flald 
doublet  aay  ba  part  of  tha  pronounced  violet  tail  of  tha  blue— green  abaorptior.. 
III.  Lasing 

Tha  pracaadlng  dlscusalon  of  Ti:Al203  has  suggested  soaa  of  tha 
aaterlal ’ s  strengths  and  weaknesses  as  a  laser.  The  broad  tuning  range, 
the  4-level  nature  of  the  vibronic  transition,  tha  high  gain,  and  the 
rugged  host  contrast  with  the  short  spontaneous  emission  lifetime,  and 
the  difficulty  of  obtaining  high  concentration,  high  quality  crystals. 

Recent  experiments  'have  illustrated  some  of  these  aspects  o  f  T1:A1203, 
and  their  effect  on  its  usefulness  as  a  laser. 

The  most  unusual  feature  of  T1:A1203  is  its  very  broad  tuning  range. 

The  large  overlap  between  tha  titanium  and  ligand  orbitals  strongly  couples 
the  Tl3+  ion  to  lattice  vibrations.  The  material  has  laaed  from  about  660  ns 
to  990  nm,  with  lasing  beyond  1  pm  expected  in  lower  loss  material.  The  high 
gain  of  Ti:Al203  allows  a  choice  of  tuning  elements;  we  hsve  used  gratings, 
filters,  prisms,  and  blrefrlngent  filters,  with  best  results  obtained  using 
the  latter  because  of  its  low  insertion  loss.  Because  the  predominant 
broadening  for  lasing  Ti3+  ions  Is  homogeneous,  the  laser  line  can  be 
narrowed  to  moderate  linewldths  with  minimal  loss  in  energy. 

M  • 


Efficient  4-level  laser  operation  in  Ti.'AljOj  occur*  because  the 
pump  and  lasing  traneitiona  eoatly  take  place  to  high  lying  vibrational 
level*  in  the  excited  and  ground  manifold*,  respectively,  which  relax  to 


lover  vibrational  states  approximately  10^  time*  faster  than  the  radiative 
decay  rate.  Thus,  lasing  takes  place  primarily  due  to  transitions  from  the 
lowest  vibrational  states  of  the  manifold,  to  excited  vibrational  states 
of  -he  2^  Manifold  .  The  threshold  is  therefore  relatively  low,  and  In 
part  because  the  quantum  efficiency  is  approximately  unity  up  to  about 
400°K,34  no  cryogenic  cooling  is  required  for  efficient  operation. 

The  high  gain  of  Ti:Al2<>3  (high  for  a  vibronic  laser  in  this  wave¬ 
length  range)  is  directly  related  to  short  fluorescent  lifetime,  so  that  it 
is  both  a  positive  feature  and  a  negative  feature.  The  high  gain  allows  the 
use  of  high  transmission  output  couplers  at  reasonable  thresholds,  resulting 
in  high  slope  efficiency.  The  short  lifetime  makes  flaahlamp  pumping  sub¬ 
stantially  more  difficult  than  with  other  transition  metal  lasers,  like  ruby 
and  alexandrite. 

The  UV  and  IR  absorptions  in  Ti’.A^Oj  greatly  limit  laser  performance. 

The  UV  absorption  prevents  the  co-doping  of  laser  rods  to  convert  UV  into  blue- 
green,  in  order  to  increase  f lash  lamp-pumped  efficiency.  The  IR  absorption  keeps 
the  threshold  in  Ti:Al203  at  least  an  order  of  magnitude  higher  than  it 
would  otherwise  be.  With  a  loss  at  laser  wavelengths  of  greater  than  1%/cm 
in  our  best ' Ti : AI2O3  rod,  we  measure  a  f lash lamp-pumped  laser  threshold 
for  a  10  cm  x  0.63  cm  rod  (with  fluorescent  converter)33  of  about  20  Joules 
into  the  flaahlamp.  Simple  scaling  suggests  a  threshold  of  about  2  Joules 
for  a  rod  with  a  loss  of  0.1%/cm  (comparable  to  that  obtained  in  good  quality 


laser  crystal*).  Iaproveaants  in  flaahtubas,  drivers,  and  fluorascant 
convartars  could  raduca  tha  thrashold  for  a  flashlaap-puaped  TiiA^Oj 
to  below  a  Joula,  and  incraaaa  slopa  affielancy  froa  our  prasant  valua  of 
about  0.5X,  to  a  few  parcant. 

IV.  Conclusion 

We  hava  outlined  soaa  of  tha  problaas  in  growing  high  quality,  haavily 
doped  Ti:Al203.  While  soaa  of  these  problaas  will  reaain  intrinsic 
to  tha  aadiua,  others  can  be  eased  through  research  into  tha  growth  of 
Ti:Al203  with  batter  stolchioaatry  and  fewer  defects.  The  spectroscopy 
of  Tl:Al203  will  be  better  understood  through  aore  detailed  optical 
and  CPR  studies  of  saaplea,  as  a  function  of  growth  conditions  and  annealing, 
paying  particular  attention  to  the  incorporation  of  iapurltlas.  Wa  expect 
these  refinements  to  increase  the  already  respectable  performance  of  the 
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Figure  Caption* 


Fig.  1 


Fig.  2 


.  Fluorescence  of  T1:A1203  wUh  „elt.tlon  ,t  dlff#r.nt  vm. 

length*:  curve  "a"  froa  excitation  at  253.7  na,  curve  "b"  froa 
excitation  at  313  na;  curve  "c"  froa  excitation  at  454  na.  The 
curve*  are  on  different  intensity  scale*  for  ease  of  presentation. 

Absorption  spectra  of  Ti:Al203  before  and  after  annealing 
in  controlled  ataoaphere. 
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